Abstract-High-purity germanium (HPGe) represents a premium material for gamma-ray spectroscopy and imaging, with electrical contacts playing a large role in detector performance.
I. INTRODUCTION
H IGH-purity germanium (HPGe) still represents the gamma-ray detector of choice for many applications because of superior energy resolution, high efficiency, and relative ease of operation [1] . However, applications such as x-ray measurement and fine detector segmentation demand thin contacts that are difficult or impossible using conventional Li-diffused n + contacts [2] . Amorphous semiconductor contacts provide sufficiently low leakage current [3] , while aIlowing a thin entrance window and simple fabrication since the surface passivation coating and electrical contacts can be the same material [4] . The contact geometry is also highly flexible, and the detector can be biased with either polarity [5] . However, chaIlenges that remain include minimization of carrier injection, maximization of inter contact impedance, and reduction of the impact from varying environmental conditions such as temperature cycling [6] .
The fabrication process for detectors with amorphous contacts can be made more robust through optimization of process parameters. Consistently lower leakage currents can be achieved by taking advantage of the higher hole injection barrier of amorphous germanium (a-Ge) and the higher electron injection barrier of amorphous silicon (a-Si) [7] . Using this combination of two different contact processes, detectors have already been manufactured showing lower leakage current than similar detectors with all a-Ge coating. The resistivity of the amorphous film, an important factor Manuscript received November 14,2011. This work was supported by the U.S. Department of Energy Office of Nuclear Science under contract # KB0401022.
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determining inter-strip charge coIlection in a strip detector [8] , shows a strong dependence on hydrogen content in the film. Resistivity of a-Ge, at typical HPGe operating temperatures around 85 K, can vary from 10 6 _10 14 n'cm, depending on hydrogen content in the sputter gas and residual gases in the sputter gas.
Another remaining challenge in amorphous semiconductor contact technology is resistance to changes in properties when the environment and temperature are changed. Fig. 1 a shows leakage current behavior of a p-type HPGe with a-Ge contacts on both sides, sputtered in Ar and H 2 gas at 7 mTorr. There is a substantial increase in leakage current each time the detector is cycled from liquid nitrogen temperature to room temperature, eventuaIly requiring reprocessing of the detector. Fig. 1 b shows the temperature cycling behavior of a similar detector with one side having a-Si sputtered in Ar and H 2 gas, also at 7 mTorr. The leakage current injected at the a-Si contact decreased when thermally cycled. Although this process appears to produce an acceptable leakage current behavior, the lack of stability is undesirable since, for example, the continual change with cycling may be a symptom of an underlying contact structural change that after many cycles may ultimately lead to device failure. Fig. 1 c shows the behavior of a detector with all a-Ge contacts, sputtered in Ar and H 2 at 15 mTorr. A simple change in a process parameter shows increased stability with thermal cycling.
Detector bias (V) Changes in detector leakage current as a function of temperature cycle. I a (left) shows a typical process involving a-Ge contacts sputtered at 7 mTorr gas pressure. I b (middle) shows a similar detector with one contact replaced with an a-Si contact. I c (right) shows yet another similar detector with a-Ge contacts sputtered in 15 mTorr gas.
In this paper, we will present the results from a study of the behavior of amorphous semiconductor contacts to HPGe under varying process conditions. The electron injection barriers for a-Ge and a-Si are shown for varying sputter gas pressure and chemical composition. Practical steps to increase detector performance and process robustness are also presented.
II. CONTACT THEORY
The simplest theory to describe the behavior of the amorphous semiconductor contacts involves the use of Schottky theory [9] , a formalism developed for the diode-like junction formed between a metal and a crystalline semiconductor (m-s junction). An energy diagram in Fig. 2 shows the electron barrier height in relation to other physical concepts at the junction for an m-s junction and an amorphous-crystalline semiconductor (a-c) junction.
The current through one contact is described by the diode equation
where A ' is Richardson's constant, T is the contact temperature, q> is the barrier height, k is the Boltzmann constant, q is the electron charge, and V is the forward applied voltage. A typical detector is operated with large reverse bias (V<O), causing the term in brackets to approach -1, leaving q> as a dominant factor determining leakage current at the operating temperature. Although this model was developed for m-s junctions, it was found [3] that it applies qualitatively to a-c junctions as well. However, it is frequently observed that actual barrier heights differ from those predicted by this model. Measured barrier heights seem to have a strong dependence on interface states in addition to metal or amorphous semiconductor work function. Furthermore, it is also observed that detectors frequently have increased current with increasing bias voltage, meaning additional physics is needed in this model to reflect observations. A more relevant theory for amorphous contacts was developed by Brodsky and Dohler [10] to describe a-c junctions, shown in Fig. 3 . This theory assumes that the dominant conduction mechanism within the amorphous layer is variable range hopping near the Fermi level. While this explains why the contact can be treated nearly as an m-s junction, the theory goes on to account for penetration of the electric field into the amorphous layer and provides a "barrier lowering" term. 
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A contact can then be treated as a Schottky diode with barrier lowering, given by
where �q> is the change in barrier height:
E is the dielectric constant of the amorphous layer, V d is the full depletion voltage, and d is the device thickness. There is now a dependence on Nr, the density of states in the amorphous layer, which is assumed to be constant in the relevant region near the Fermi level. It is important to note that this term also includes the electric field at the contact being examined. Equation 3 assumes that the detector is fully depleted and that the amorphous contact is the low-field contact. This theoretical treatment has shown good agreement with experiment in [6] .
We are left with q>, A ' , and T as the important parameters for determining leakage current injected at a contact. In a real system, T is often fixed at its lowest possible value, determined by cryostat design. Of the remaining two, q> stands out as a dominant parameter because of its exponential dependence with T.
III. BARRIER HEIGHT STUDY
A. Experimental Setup
An experiment was designed to enable the extraction of the parameter q> from a-Ge and a-Si contacts under various processing conditions. Through this study we hope to determine the sensitivity of barrier height to different amorphous film properties and demonstrate higher barrier height (with decreased leakage current) on production Ge detectors. The barrier height is determined by measuring the step in current at the point of full depletion caused by injection at the low-field (bottom) contact. Obtaining this value at several temperatures allows a fit to (1) and q> is obtained.
A few small test devices were prepared for the measurement. Each was of a "circular top hat" shape so that the active area formed a cylinder approximately 20 mm in diameter and about 8 mm in height. The "brim" consisted of undepleted Ge and extended outward a few mm at the bottom surface to facilitate handling during processing. The HPGe used for all of the devices had a net bulk impurity concentration of around 10 10 cm-3 • A highly doped region was used as the top contact to minimize charge injection at the top contact where depletion begins to provide a control for the experiment. Each detector was reprocessed several times, using a different process for the bottom amorphous contact each time. Detector schematics are illustrated in Fig. 4 . The top doped contact was first made on each detector by B implantation on n-type material or Li diffusion on p-type material. This was followed by AI deposition on the Li contact or Pd deposition on the B contact. For each processing run, the top contact was protected by tape and the detector etched in HF followed by 4: 1 HN03:HF mixture to remove the previous contact. An amorphous layer was then sputtered on the bottom surface in Ar atmosphere, which sometimes included H 2 gas. Aluminum was then evaporated onto the amorphous contact, both contacts were taped, and the detector was etched in 4:1 HN03:HF mixture to clean the sides immediately before mounting in the variable temperature cryostat. Finally, the cryostat was evacuated to 10-7 Torr and cooled to 78 K for testing. The p-type device allows measurement of the amorphous contact electron barrier height, while the n-type device allows measurement of the amorphous contact hole barrier height.
Each detector was put through a suite of measurements involving the current-voltage (I-V) characteristic at various temperatures. High voltage was applied to the entire bottom contact and the current read out through the top contact. There was provision for a pulser input at the HV side so that a voltage step could be injected across the detector capacitance and full depletion determined when the charge collected from this pulser injection reached a constant value. The current was read through a Keithley 6485 picoammeter until stabilization after a voltage change, then the value was recorded. When an I-V curve was acquired, the detector stage was heated and the process repeated at various temperatures.
B. Data Analysis
When voltage bias is applied to a detector, current flows as a result of several sources:
This is illustrated in Fig. 5 . A is the device area, which here is the circular active area of about 1.7 cm 2 . The measured current ltot is the sum of all current sources. The device was cooled sufficiently during the measurement so that the bulk thermal generation current Ibulk is negligible. The doped contact was chosen for the contact opposite the amorphous one because of its high barrier height, which is considered to contribute much less current Jdoped than the amorphous contact. Efforts were made to minimize surface current I surf, but it cannot be neglected. 6 shows an example I-V curve. Bias was applied so that depletion began at the p-n junction formed by the doped contact. A surface contribution to the current can begin at low voltages, while the amorphous contact contributes no current below full depletion as there is no electric field at that contact. As the detector reaches full depletion, a step in current due to charge injection at the amorphous contact can occur, which is the desired quantity from this measurement.
Further increasing the voltage can involve both sources of current. For each I-V curve, the linear region below full depletion was fit to a line. This was considered to be the surface current contribution and was subtracted from the I-V data. All current values were normalized to the device area to give current density J. The current jump �J was measured at several temperatures in the range 78 to 180 K. An example of such a set ofl-V curves is shown in Fig. 7 .
These data were plotted as log(.MIT 2 ) vs. liT and fit with a line, shown in Fig. 8 . The fit slope gives the barrier height and the fit offset gives the exponential pre-factor A O .
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Example set of I-V curves over several temperatures. A study was also conducted to determine the effects of temperature cycling on amorphous semiconductor contacts. Temperature cycling is generally any warming from operating temperature to room temperature followed by cooling to operating temperature. These contacts have been observed to change with temperature cycling before, but to our knowledge this has not been systematically studied. This experiment seeks to measure the injection pre-factor and barrier height as a function of temperature cycle.
Detectors fabricated for this experiment were a "square top hat" shape. The active area is a 18 mm x 18 mm square with 10 mm height. Two sides have "wings" of undepleted material at the bottom surface to facilitate handling. The material is p-type with net impurity concentration around 10 10 cm-3 . For each fabrication, a-Ge was sputtered onto the top and sides to provide a top contact and side passivation. It was then flipped over and a-Ge or a-Si sputtered onto the bottom surface to form the bottom contact, followed by AI 225 evaporation onto the entire bottom surface. Aluminum was deposited on the top as well, but a guard ring was defined to prevent surface current interference with the leakage current measurement. The detector active area was about 0.7 cm 2 •
Immediately following fabrication, the detector was mounted in a cryostat, pumped to 10" 7 Torr, and cooled to 78 K. I-V curves were acquired for the detector at several temperatures so that a barrier height could be extracted. Bias was applied to deplete from the top contact so that the electron barrier height of the bottom contact was measured. The detector was then warmed to room temperature for about 24 hours and again cooled to 78 K without breaking vacuum in order to isolate the temperature effect from possible contamination effects. This process was repeated multiple times until the device broke down. Data analysis was performed in a similar fashion to the process described for the barrier height measurement. Only the center contact current was considered for the measurement.
Because of the guard ring, the linear subtraction component of the analysis was significantly less important, although it was still included to remove the contribution from the top a-Ge contact.
V. RESULTS
A. Barrier Height Study
Electron injection barrier heights were measured for a-Ge and a-Si deposited under different conditions and are shown in the tables below. Given the limited number of samples that could be fabricated and tested, a focus was placed on varying the film hydrogen content while keeping amorphous film thickness and deposition pressure fixed. There is very little statistical error associated with the current measurement, yet systematic error is significant and extremely difficult to estimate directly. Some bounds were placed on the calculated values by artificially changing the current jump �J and temperature T. Through this method we estimate an error in barrier height b<p = ±0.01 eV, primarily due to T uncertainty �O.l K, and error in pre-exponential factor oA ° = ±50%, primarily due to systematic error in M calculation. These error levels should be sufficiently small to allow trends with process parameters to be determined.
B. Temperature Cycling Study
The results from temperature cycling testing are shown in the tables below. Both present the behavior of the bottom full area contact of a guard ring device described in section IV. Reliable data are not available for the top contact. The a-Ge contact was sputtered in 15 mTorr Ar with 7% H z content, and the layer was 3500 A thick. The a-Si contact was later made on the same device in 7 mTorr Ar with 7% H z content and the layer was 1700 A thick.
VI. DISCUSSION
One fact that can be readily seen is that the exponential pre factor for the amorphous contacts is not the Richardson Constant.
From the simple model often employed for emission of electrons over a barrier, we expect that the charge carriers are randomly and independently emitted over the barrier at the contact and mimic thermionic emission. Such an equation is normally preceded by the Richardson Constant, yet the observed values are orders of magnitude lower than the well-known value A * = 120.173 A K-z cm-z . The pre-factor A O does appear to be significant, however, as it can change by orders of magnitude for the same contact material.
In addition, the change in this pre-factor was enough to overcome a barrier height decrease in a-Si as it was temperature-cycled, leading to an overall decrease in leakage current.
The barrier height values are all in the expected range, although the level of variation with deposition parameters is quite large. A simple prediction from Schottky theory gives a Ge barrier heights for both holes and electrons at half the bandgap of crystalline Ge (0.7 eV), yet the observed electron barrier height values are somewhat lower.
We can qualitatively expect higher a-Si electron barrier heights due to the higher electron affinity and bandgap of Si, yet there is inconsistent agreement with this prediction There appears to be a downward trend in electron barrier height as hydrogen content in the film is increased. This is in agreement with the limited data in [7] , although the source of this trend is unclear. It is consistent with a raising of the Fermi level in the amorphous layer.
Also, hydrogen passivation of dangling bonds in the amorphous layer would lead to a decrease in the density of states near the Fermi level [11] , causing an increase in the barrier lowering term in (3). The barrier height change could also be a change in the interface between the amorphous and crystalline volumes.
It is notable that in temperature cycling, the electron barrier height for both a-Ge and a-Si decreases, though the change is more significant with a-Si. This could be a property of the contact or a result of the higher a-Ge sputter pressure. Both contacts also showed a decrease in the pre-factor, yet the decrease was much more significant in a-Si. Although a reduction in leakage current due to temperature cycling seems preferable to an increase, no change is preferred and a more stable contact is desirable.
No hole barrier data were collected because of difficulties in fabricating a suitable detector for the measurement. Work to produce such detectors is currently underway. Hole barrier data could confirm electron barrier heights since the sum of hole and electron barriers for a particular contact should equal the bandgap of Ge. The decreasing electron barrier height trend observed should be accompanied by an increasing hole barrier height.
Future work will include acquisition of hole barrier data. We also plan to study the effect of amorphous layer thickness and sputter pressure on barrier height and temperature cycling stability.
It will also be necessary to evaluate the reproducibility of all recipes by fabricating several devices in the same fashion and observing variation. Amorphous semiconductor film resistivity both on insulating substrates and on depleted HPGe will also be studied in order to better understand the role that the amorphous layer plays in determining the inter-contact impedance.
